Experimental Realization of Spin-| Triangular-Lattice Heisenberg Antiferromagnet 
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We report the results of magnetization and specific heat measurements on Ba3CoSb209, in which 
the magnetic Co^"^ ion has a fictitious spin-|, and show evidence that a spin-| Heisenberg anti- 
ferromagnet on a regular triangular lattice is actually realized in Ba3CoSb2 0g. We found that the 
entire magnetization curve including the one-third quantum magnetization plateau is in excellent 
agreement with theoretical calculations at a quantitative level. 



Exploring the ground state of a frustrated quantum 
magnet has been one of the main subjects of condensed 
matter physicJ^lIS] A long theoretical debate reached a 
consensus that a two-dimensional (2D) spin-^ TLHAF 
has an ordered ground state of the 120° spin structure 
with an extremely small sublattice magnetization'* ^. Al- 
though the zero-field ground state is qualitatively the 
same as that for the classical spin, the ground state in 
a magnetic field H cannot be determined uniquely only 
from the classical model. The classical equilibrium con- 
dition is given by Si-\- S2 + S^= gn^H /(iJ) with the 
sublattice spin Si. Because there are an infinite num- 
ber of spin states that satisfy this condition, the classi- 
cal ground state is continuously degenerate. The ground 
state of a small spin TLHAF in a magnetic field is es- 
sentially determined by the quantum fiuctuation energy. 
A remarkable quantum effect is that an up-up-down spin 
state, which appears in a magnetic field for the classical 
model, can be stabilized in a finite magnetic field range, 
so that the magnetization curve has a plateau at one- 
third of the saturation magnetizatiorPlSl. 

The nature of the quantum mechanical ground state 
in a magnetic field is strongly refiected in the magnetiza- 
tion process. The magnetization process for a 2D spin- 
I TLHAF, which exhibits the most pronounced quan- 
tum effect, was calculated energetically by means of spin 
wave theor^J smi^ c oupled cluster methocP^l and exact di- 
agonalizatior!— 'i-'. The calculated magnetization curves 
are greatly different from that for the classical spin. How- 
ever, experimental verification of the theoretical results 
has not been conducted at a quantitative level. 

Experimentally, CsaCuCliJ^, CsaCuBrJiSlIZI and k- 
(BEDT-TTF)2Cu2(CN);^ have been actively investi- 
gated as spin-^ TLHAFs. However, the triangular lat- 
tice in these substances is not regular but distorted, and 
thus, the exchange interaction is spatially anisotropic. 
CS2CUCI4 and Cs2CuBr4 also exhibit a large antisym- 
metric interaction of the Dzyaloshinsky-Moriya (DM) 
type. Although the quantum magn etizat ion plateau has 
been actually observed in Cs2CuBrJifiI^, the magnetiza- 
tion process is anisotropic and the magnetization plateau 
is not observed for a magnetic field perpendicular to the 
triangular lattice plane. In this letter, we present the 



results of magnetization and specific heat measurements 
on Ba3CoSb209 and provide evidence that Ba3CoSb209 
closely approximates to the ideal spin-^ TLHAF. 




FIG. 1: (Color online) Crystal structure of Ba3CoSb209. 
The blue single octahedron is a CoOg octahedron centred by 
Co^^ and the face-sharing Sb2 0g double octahedron is shaded 
ochre. Magnetic Co^"^ ions form a regular triangular lattice 
in the ab plane. Dotted lines denote the chemical unit cell. 

Figure 1 shows the crystal structure of Ba3CoSb209. 
This substance crystallizes in a highly symmetric hexag- 
onal structure, Pds/mmc, whic h is c losely related to 
the hexagonal BaTiOs structur d^^ l ^° l The structure 
is composed of a single CoOg octahedron and a face- 
sharing Sb209 double octahedron, which are shaded blue 
and ochre, respectively. Magnetic Co^+ ions form reg- 
ular triangular lattice layers parallel to the ab plane, 
which are separated by the nonmagnetic layer of the 
Sb209 double octahedron and Ba^+ ions. Therefore, 
the interlayer exchange interaction is expected to be 
much smaller than the intralayer exchange interaction. 
However, Ba3CoSb209 undergoes magnetic ordering at 
Tn — 3.8 K owing to the weak interlayer interactiorPSl. 
Because of the high symmetric crystal structure, the an- 
tisymmetric DM interaction is absent between the first-, 
second- and third-neighbor spins in the triangular lattice 
and between all spin pairs along the c axis. 
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It is known that the magnetic property of Co^"*" in 
an octahedral environment is determined by the lowest 
orbital triplet ^j^^HSIIIl. This orbital triplet splits into six 
Kramers doublets owing to the spin-orbit coupling and 
the uniaxial crystal field, which are expressed together as 

H' = -(3/2)A(Z.5)-<5{(P)2-2/3}, (1) 

where I is the effective angular momentum with I — 1 and 
S is the true spin with S* = | . When the temperature T 
is much lower than the magnitude of the spin-orbit cou- 
pling constant A = -178 cm-\ i.e., r» |A|/A:b ^ 250K, 
the magnetic property is determined by the lowest 
Kramers doublet, which is given by + — zk^, and 
the effective magnetic moment of Co^"*" is represented by 
m = gn-QS with the spin-i operator i^HtSS] general, 
the g factor is considerably anisotropic, and the total 
of the g factors for the three different field directions 
is about 13^^, which is twice as large as that for con- 
ventional magnets. When the octahedral environment 
exhibits trigonal symmetry as in Ba3CoSb209, the ef- 
fective exchange interaction between fictit ious spins Si is 
described by the spin-^ XX Z modeP^HH 



He 



(2) 



This interaction is Ising-like (J||/Jl>1) for (5/A<0, 
while it is XY-Yike {J\\/J±_ < 1) for 5/\ > 0. The Heisen- 
berg model {J\\/ J^_ = \) is realized when (5 = 0. We as- 
sume that the nearest-neighbor interaction on the trian- 
gular lattice is dominant in Ba3CoSb20g, as observed in 
isostructural Ba3NiSb20<pl. 

Ba3CoSb20g powder was prepared via the chemical re- 
action 3BaC03 + CoO -f SbaOg ^ Ba3CoSb209 -I- 3CO2. 
Reagent-grade materials were mixed in stoichiometric 
quantities and calcined at 1100° C for 20 h in air. 
Ba3CoSb209 was sintered at 1200°C for more than 20 
h after being pressed into a pellet. To prepare single 
crystals, we packed the sintered Ba3CoSb209 into a Pt 
tube of 9.6 mm inner diameter and 50 mm length. Small 
single crystals with dimensions of 1x1x1 mm'^ were 
grown from the melt. The temperature of the furnace 
was lowered from 1700 to 1300° C over two days. The 
samples obtained were examined by X-ray powder and 
single-crystal diffractions. 

The magnetic susceptibility of Ba3CoSb2 09 powder 
was measured in the temperature range of 1.8 — 300 K 
using a SQUID magnetometer (Quantum Design MPMS 
XL). High-field magnetization measurement in magnetic 
field of up to 53 T was performed at 4.2 and 1.3 K us- 
ing an induction method with a multilayer pulse mag- 
net at the Institute for Solid State Physics, University 
of Tokyo. The absolute value of the high-field mag- 
netization was calibrated with the magnetization mea- 
sured by the SQUID magnetometer. The specific heat 
of Ba3CoSb209 single crystal was measured down to 0.4 
K using a physical property measurement system (Quan- 
tum Design PPMS) by the relaxation method. 
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FIG. 2: (Color online) Raw magnetization curve of 
Ba3CoSb20g powder measured at 1.3 K and derivative sus- 
ceptibility dM/dH vs magnetic field H . Dashed lines denote 
the Van Vleck paramagnetism evaluated from the magnetiza- 
tion slope above the saturation field Hs = 31.9 T. 



Figure [2] shows the raw magnetization curve and 
the derivative susceptibility for Ba3CoSb209 powder 
measured at 1.3 K. The entire magnetization process 
was observed within a magnetic field of 53 T. The 
saturation of the Co^^ spin occurs at i?s = 31.9 T. 
The increase in magnetization above Hg arises from 
the large temperature-independent Van Vleck param- 
agnetism chara cteristic of Co^+ in the octahedral en- 
vironmenlP^HSl^ From the magnetization slope above 
i?s, the Van Vleck paramagnetic susceptibility was eval- 
uated as xvv 1-60 X 10-2 (^b/T)/Co2+ = 8.96 x lO^^ 
emu/mol. The saturation magnetization was obtained 
as Ms = 1.91 /iB/Co2+ by extrapolating the magnetiza- 
tion curve above Hg to a zero field (dashed line in Fig. 

Figure |3] shows the magnetization curves corrected for 
the Van Vleck paramagnetism. The quantum magneti- 
zation plateau is clearly observed at \Ms. Thick dashed 
and solid lines denote fits by the higher order coupled 
cluster method (CCM^P^land exact diagonalization (ED) 
for a 39-site rhombic clusteJl^, respectively. Both theo- 
ries coincide with each other. The only adjustable pa- 
rameters are saturation field Hs and saturation magne- 
tization Ms. Although the experimental magnetization 
curve is smeared around the critical fields due to the fi- 
nite temperature effect and the small anisotropics of the 
g factor and the interaction, the agreement between the 
experimental and theoretical results is excellent. If the 
effective exchange interaction is strongly anisotropic, the 
magnetization process will strongly depend on the field 
direction, as observed in CsCoCls-^, and its spatial aver- 
age will not agree with the theory for the 2D spin-^ TL- 
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FIG. 3: (Color online) Magnetization curve corrected for Van 
Vleck paramagnetism. Thick black and blue lines denote the 
theoretical magnetization curves calculated by the higher or- 
der coupled cluster method (CCMJP^ and exact diagonaliza- 
tion (ED) for a 39-site rhombic clusteJ^, respectively. Thin 
dotted lines denote classical magnetization curves. 



HAF. The present result demonstrates that Ba3CoSb209 
closely approximates the 2D spin-i TLHAF, although 
3D magnetic ordering occurs at ~ 3.8 K owing to the 
small interlayer interaction. 

From the saturation magnetization and the rela- 
tion A.5J = g^sHs, the average of the g factor and 
the exchange constant were obtained as 5 = 3.82 and 
J/kB = 18.2 K, respectively. The magnetic field range 
of the ^-magnetization plateau observed in Ba3CoSb209 
agrees with that of 0.306 < H/g^ < 0-479 predicted by 
the CCIVPI and EEPEl. This field range is much 
larger than that of 0.45 < H/Hg < 0.50 observed in 
Cs2CuBr4 with a spat ially anisotropic triangular lat- 
tice (J2/J1 =0.74)iSliII and is twice as large as that of 
0.317 < H/Hg < 0.413 for the spin-1 castP. 

Figure |4] shows the magnetic susceptibilities of 
Ba3CoSb2 09 powder obtained before and after the cor- 
rection of the Van Vleck paramagnetic susceptibility of 
Xvv = 8.96 X 10"'^ emu/mol. We plotted the susceptibil- 
ity data for r<40 K, where the spin-i description of 
the magnetic moment is valid. The contribution of the 
Van Vleck paramagnetic susceptibility is |; — | of the raw 
magnetic susceptibility, and thus, its correction is essen- 
tial for evaluating the intrinsic magnetic susceptibility. 
The magnetic susceptibility has a rounded maximum at 
7 K, characteristic of a low-dimensional antiferromagnct. 
The solid line in Fig. |4] indicates the theoretical sus- 
ceptibility of the 2D spin-1 TLHAF calculated by series 
expansiorP^ with J/fcs = 18.2 K and g — 3.82, which were 
obtained from the present high-field magnetization mea- 
surements. The experimental and theoretical magnetic 



susceptibilities are consistent, although the theoretical 
susceptibility is smaller than the experimental suscepti- 
bility. 
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FIG. 4: (Color online) Temperature dependence of magnetic 
susceptibilities for Ba3CoSb2 0g obtained before and after cor- 
rection of Van Vleck paramagnetism. The solid line denotes 
the theoretical susceptibility calculated by series expansiorP^ 
with J/ks = 18.2 K and 3 = 3.82. 

Using a small single crystal, we also measured the spe- 
cific heat to investigate the nature of the magnetic order- 
ing. Figure 3b shows the low-temperature specific heat 
measured at a zero magnetic field. Sharp peaks indicative 
of magnetic phase transitions were observed at around 3.8 
K. As shown in the inset, Ba3CoSb2 09 undergoes three 
magnetic phase transitions at Tni — 3.82, = 3.79 and 
7n3 = 3.71 K. In the Heisenberg-like triangular-lattice an- 
tiferromagnct, successive phase transitions occur when 
the magnetic anisotropy is of the easy-axis type, while 
a single transition arises for easy-plane anisotropjP^'^. 
The successive phase transitions observed show the pres- 
ence of easy-axis anisotropy, which is consistent with 
the 120° spin structure in a plane including the c axis 
observed by Doi et al^. However, Ba3CoSb209 dif- 
fers from other triangular-lattice antiferromagnct with 
easy-axis anisotropy in ordering process. Usually, the 
magnet ic ord ering occurs in two steps as observed in 
CsNiCl:i221301^ while in Ba3CoSb209, it occurs in three 
steps. 

The reduced temperature range of the intermediate 
phase (Tni — T'n3)/Tni is determined from the ratio of 
the anisotropic term (Jy — Jj_) to the isotropic term {J±) 
in the exchange interactiorP32ll. The very narrow tem- 
perature range of the intermediate phase in Ba3CoSb209 
means that the anisotropic term is much smaller than 
the isotropic term. The effective exchange interaction 
of eq. ([2I is strongly anisotropic in typical cobalt sub- 
stances^ but in Ba3CoSb209, it is accidentally close 
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to the Heisenberg model. 




FIG. 5: (Color online) Low-temperature specific heat of 
Ba3CoSb2 09 measured at zero magnetic field. The inset 
shows an expansion of the graph around 3.8 K. 

In conclusion, we have shown that the entire mag- 
netization process and the temperature dependence of 
the magnetic susceptibility for Ba3CoSb209 agree well 
with theoretical results for spin-^ TLHAF, and that 



Ba3CoSb20g undergoes three magnetic phase transitions 
with very narrow intermediate phases. These results 
demonstrate that the spin-i TLHAF is actually real- 
ized in Ba3CoSb2 09. Conversely, this work verifies re- 
cent theory on the magnetization process for spin-^ TL- 
HAF. Therefore, Ba3CoSb209 is expected to be useful 
for verifying quantum-fluctuation-assisted spin states in 
magnetic field^SHIII and for exploring new quantum as- 
pects of the spin-i TLHAF, such as negative quantum 
renormalization and the singularity of magnetic excita- 
tion^^aill. 
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